Two transformation-induced plasticity (TRIP) assisted duplex stainless steels, with three 10 different stabilities of the austenite phase, were investigated by synchrotron X-ray diffraction 11 characterization during in situ uniaxial tensile loading. The micromechanics and the 12 deformation-induced martensitic transformation (DIMT) in the bulk of the steels were 13 investigated in situ. Furthermore, scanning electron microscopy supplemented the in situ 14 analysis by providing information about the microstructure of annealed and deformed 15 specimens. The dependence of deformation structure on austenite stability is similar to that of 16 single-phase austenitic steels where shear bands and bcc-martensite (α') are generally observed, 17 and blocky α' is only frequent when the austenite stability is low. These microstructural features, 18
TDSS are, however, even more complex due to the possible transformation of the metastable 48 austenite to two kinds of products, i.e. hcp-and bcc-martensite (hereinafter referred to as ε and 49 α', respectively), during deformation. Many previous studies on DIMT have been devoted to 50 the investigation of TRIP carbon steels [2,4,14-16] and metastable austenitic stainless steels 51 [17] [18] [19] [20] , but studies of DIMT in TDSS are rarely presented, apart from some recent reports 52
[8, [21] [22] [23] . 53
In order to tailor the mechanical properties of TDSS, a thorough understanding of the 54 micromechanics and the TRIP effect during deformation is required. The excellent combination 55 of strength and ductility of TRIP-assisted multiphase steels can be attributed to the defect 56 interaction, phase and texture evolution, composite strengthening [22, 24] , etc. These can be 57 largely influenced by the γ stability [15, [24] [25] [26] , which in turn can be represented by the stacking 58 fault energy (SFE) [17] . However, the available reports of TDSS have mainly focused on the 59 DIMT itself [21] [22] [23] 27 ] and a more complete view of the deformation behaviour of TDSS with 60 different γ stability is lacking. 61
The aim of the present work is to study the deformation behaviour of two TDSS with different 62 γ stability and, furthermore, to investigate the effect of increasing temperature on deformation 63 in one of the steels. High-energy X-ray diffraction (HEXRD) measurements during in situ 64 uniaxial tensile loading are applied to study the micromechanics and DIMT. It is further 65 supplemented by electron microscopy investigations. 66 67
Experimental methods 68

Materials 69
The experiments were carried out on two TDSS, FDX27 and FDX25, supplied by Outokumpu 70
Stainless. The as-received state was 1 mm thick steel sheets with the chemical compositions 71
given in Table 1 . Both steels were tested at room temperature (RT) and, FDX25 was also tested 72 at 45 o C. The testing conditions are hereinafter referred to as FDX27@RT, FDX25@RT and 73 FDX25@45. Dog-bone-shaped tensile specimens with a gauge length of 3 mm and gauge width 74 of 1 mm, shown in the upper left corner of Fig. 1 , were cut from the steel sheets using electrical 75 discharge machining. The specimens were then ground and polished to a final thickness of 0.8 76 mm. In the grip section of the specimens, two holes were drilled for pin-hole attachment in the 77 tensile rig. 78 In situ uniaxial tensile loading experiments were performed in a customized load frame, called 83 rotational and axial motion system (RAMS) dedicated for HEXRD experiments, which is 84 shown in Fig. 1 . A detailed description of the RAMS can be found in Shade et al. [28] . During 85 tensile tests at 45 o C the temperature was regulated by a furnace containing halogen bulbs and 86 an elliptical mirror to focus the light onto the specimen. Two thermocouples were used for 87 furnace control and two for specimen temperature measurements. The load was applied along 88 the rolling direction of the sheet steel, and was measured using a load cell with a 2 kN capacity. 89
Interrupted tensile loading was performed using displacement control at a strain rate of 10 -4 s -1
90
up to an applied true strain of 0.26 (evaluated via the displacement of the load frame). HEXRD 91 measurements were performed in situ during loading. The experiments were conducted at the 92 furnace is movable and can be translated in and out of the X-ray beam path by a slide rail.) 111
Data analysis for phase quantification 112
The 2D diffraction data was calibrated and processed using mainly the GSAS-II software [29] , 113 and the patterns acquired during the in situ experiments were integrated over 360° in the 114 azimuthal direction (η). Fitting of the peaks was performed by a combination of single-peak 115 and multiple-peak fitting. This procedure enabled good fitting for all peaks, even for low 116 intensity peaks from the ε phase. Fig. 2a shows an example of the raw 2D pattern, Fig. 2b shows 117 the overview of integrated 1D patterns and Fig. 2c shows the least-squares fitting of peaks 118 using pseudo-Voigt functions. This methodology is intended for powder patterns, assuming a random texture, but it is also 127 known that by measuring multiple orientations and peaks for each phase the effect of texture 128 on phase quantification will be minimized [31] . The volume fraction is evaluated using: 129
where is the volume fraction of phase-i; ( ) is the integrated intensity for the {hkl} 131 plane of phase-i; ( ) is the scattering factor which can be expressed as: 132
where v represents the volume of the unit cell; F is the structure factor of plane hkl, p is the 134 multiplicity factor; θ is the Bragg angle, (1 + 2 ) / ( ) is the Lorentz-135 polarization factor, and is the Debye-Waller factor [30] . 136
Data analysis for strain/stress analysis 137
The elastic lattice strains along the loading direction (integration over 5°η sectors) were 138 evaluated using the following equation: 139
where d represents the measured lattice spacing at a given deformation step, and d is the 141 strain-free lattice spacing. To evaluate the hkl-specific lattice strains in this study, d was 142 assumed to be the azimuthally averaged d after the specimen had been mounted on the load 143 frame and when a stress of between 20-60 MPa was applied to fixate the specimen position. 144
This means that the absolute hkl-specific lattice strains are uncertain due to possible 145 inaccuracies in d and we will only discuss the relative change of , i.e. ∆ . 146
For the determination of the stress partitioning to a specific phase (σ ), accurate d values 147
and their shifts (d -shift) are also required [32] , and therefore an alternative methodology was 148 applied. The software MAUD and Rietveld analysis were used, and the strain-free lattice 149 parameter was refined during the analysis. Furthermore, using built-in models in MAUD, the 150 total stress in constituent phases, root mean square (r.m.s.) microstrain, the d -shift due to the 151 and no orientation distribution function weighted averaging procedures were applied for the 159 assessment of σ . The r.m.s. microstrain model developed by Popa [38] was used to 160 describe the peak broadening due to microstrain and crystallite size [39] . A more detailed 161 description of MAUD and the applied models in MAUD can be found in Refs. [33, 34] . Fig. 3  162 shows the measured (bottom) and fitted (top) diffraction patterns as a function of η for 163 FDX27@RT at 0.26 true strain. 164 Table 2 The stiffness of FDX25 and FDX27 [40] . The microstructure of the specimens were characterized before and after tensile loading using 174 electron channelling contrast imaging (ECCI) [41] and electron backscatter diffraction (EBSD) 175 in a field-emission scanning electron microscope (FE-SEM) JEOL 7800F. In order to avoid 176 introducing deformation-induced martensite by mechanical polishing, all specimens were 177 prepared using electrolytic polishing for about 30 s after polishing with fine grade sand paper. 178
The electrolyte was a mixture of perchloric acid and acetic acid in 1:9 proportions. Post-179 processing of EBSD data was performed using the MTEX software [42] . Automatic filtering 180 was applied to separate the two bcc phases, α and deformation-induced α'. The main filters 181 applied were band contrast, grain size and grain orientation spread (GOS) [43] . However, this 182
was not sufficient to separate the bcc phases and it was therefore complemented with manual 183 selection based on length-to-width aspect ratio. In the end, the bcc phases were successfully 184 distinguished from each other. 185
To be able to estimate the stability of the γ, the chemical compositions of γ and α were analysed 186 using energy dispersive X-ray spectroscopy in a transmission electron microscope (TEM-EDS) 187 JEOL JEM-2100F. The thin-foil specimens were prepared using focused ion beam and a dual- 
Stress-strain behaviour and deformation-induced martensitic transformation 216
True stress-strain and work hardening rate curves for the three conditions are shown in Fig. 4 . 217
The work hardening behaviours for the three conditions were significantly different above 218 about 0.2 true strain (inset of Fig. 4) . FDX27@RT has the highest work hardening rate above 219 0.2 true strain, while FDX25@45 has the lowest. In addition, the work hardening rate curves 220 for the three conditions reach the minimum values at different true strains; FDX27@RT reaches 221 its minima at around 0.16, FDX25@RT at around 0.2, whereas FDX25@45 has an 222 approximately constant work hardening rate after 0.22. 223 All steels investigated in the present work contain two phases, α and γ, in the annealed state. 227
Upon loading the intensities of the α/α' peaks increase while the intensities of the γ peaks 228 decrease (Fig. 2b) . A weak peak for the 100ε was also distinguished (Fig. 2c) , as exemplified 229 for FDX27@RT and FDX25@RT after 0.05 true strain in Fig. 5a and b, respectively. The 230 evaluated volume fractions of different phases are presented in Fig. 5 . All three conditions have 231 the same trend, increasing strain leads to an increasing fraction of α'. At the same strain, more 232 α' forms in FDX27@RT than in the two FDX25 conditions, and the least α' was observed in 233 FDX25@45. ε was detected in both FDX27@RT and FDX25@RT but not in FDX25@45. It 234 is also indicated that the fraction of ε decreases with increasing formation of α' in FDX27@RT, 235 see Fig. 5b1 and b2. It should be noted that the fraction of ε is very low and small errors in peak 236 fitting and grain rotation could also affect the results. Hence, the absolute quantification of ε 237 volume fraction was not considered fully reliable due to the influence of texture when only one 238 peak is considered [31] . close to this load range as shown in Fig. 6b, c.  295 The start of the α' formation for each condition is indicated by α'-black lines in Fig. 6 , but the 296 other major load redistribution observation is not seen until the largest transformation rate of α' 297 (LTR-black lines). The lattice strain curves all deviate from linearity as the plastic deformation 298 increases. A zig-zag behaviour is seen for the {111}γ and {220}γ lattice planes, especially after 299 the initial formation of α'. This behaviour is more obvious in FDX27@RT and FDX25@RT, 300
where extensive γ has transformed. It should be noticed that larger errors of the {220}γ lattice 301 strain exist due to the low peak intensity for the last few measurement points. 302
As presented in section 2.2.3, the stress distribution of specific phases were obtained from the 303
Rietveld analysis. The stress-strain curves for γ, α and the bulk are illustrated in Fig. 7 . The γ 304 experienced higher stress than α for the two FDX25 conditions, while slightly lower than α in 305 FDX27@RT at similar true strains. The stress in α was only evaluated until the initial formation 306 of α', and in that strain range, the load partitioning between γ and α remains similar. The stress 307 of γ at about the yield point (0.05 true strain) shows an increasing trend with the increasing γ 308 stability as indicated by black arrows. At the LTR and onwards, the load starts to be transferred 309 from the γ to the bcc phase, most probably the stronger α'. This is seen most clearly in 310 The grain size of α differs between the two steels and is much smaller in FDX27 than that in 334 FDX25, 3.5 μm and 7.9 μm respectively. The grain size of γ is more similar between the two 335 alloys, 2.9 μm and 3.7 μm respectively. 336 The GOS analysis could be related to strain levels and is not that sensitive to grain size and step 342 size as compared to the kernel average misorientation analysis, according to Shen [50] . From 343 GOS maps, γ phase of the two steels reveals rather small deformation at 0 true strain (Fig. 8c  344 and f). The GOS map of α for FDX25 indicates low level of strain as well (Fig. 8b) , but much 345 higher values are found for FDX27 (Fig. 8e) indicating the existence of pre-strain in the α for 346 FDX27 in the as-received state. 347
The deformation microstructure of the three conditions after tensile loading to 0.26 true strain 348 is shown in Fig. 9 
Deformation behaviour of individual constituents 390
In stable duplex stainless steels, it is well-known that the deformation behaviour of the γ and α 391 phases depends on the specific composition. In particular, N is known to have a large effect. 392
Assuming both phases have the same grain size, the γ phase will be the weaker phase if the N 393 content is below 0.12 wt.%; whereas if the N content is above 0.12 wt.%, α will be the weaker 394 phase [10] . The reason is that N is effective in increasing the SFE of γ and thus also the flow 395 strength. In the present work, both steels have a rather high N content and the load partitioning 396 between γ and α is somewhat different. For the FDX25 steels, the γ is the stronger phase at both 397 temperatures investigated, and in addition to the high N content this should also be attributed 398 to the significantly smaller grain size of the γ phase. For the FDX27 alloy, the γ is the weaker 399 phase and both γ and α experience stresses close to the applied stress initially as shown in Fig.  400 7a. In this case the γ and α grain sizes are more similar and, moreover, the α phase is plastically 401 deformed already in the as-received state. Hence, both Hall-Petch hardening and cold-work 402 hardening is suggested to be responsible for elevating the strength of the α phase to be 403 comparable with the γ. 404
